Streptococcus oralis, the most virulent of the viridans streptococci, produces a sialidase and this exo-glycosidase has been implicated in the disease process of a number of pathogens. The sialidase of S. oralis strain AR3 was purified in order to understand the characteristics of this putative virulence determinant. The enzyme isolated as a high mol. wt aggregate (c. 325 kDa) was purified 4520-fold from late exponential phase cultures by a combination of ultrafiltration, ammonium sulphate precipitation, ionexchange and gel filtration chromatography. The sialidase component had a mol. wt of 144 kDa as determined by SDS-PAGE analysis. The purified sialidase released Nacetylneuraminic acid from a range of sialoglycoconjugates including human AE 1 -acid glycoprotein, bovine submaxillary mucin, colominic acid and sialyl-AE2,3-and sialyl-AE2,6lactose. Also, N-glycolylneuraminic acid was cleaved from bovine submaxillary mucin. The sialidase had a K m of 11.8 ìM for AE 1 -acid glycoprotein, was active over a broad pH range with a pH optimum of 6.0 and cleaved AE2,3-, AE2,6and AE2-8-sialyl glycosidic linkages with a marked preference for AE2,3-linkages. The enzyme was competitively inhibited by the sialic acid derivative, 2,3-dehydro-N-acetylneuraminic acid, with a K IC of 1.2 ìM. The characteristics of the purified sialidase would support a nutritional role for this enzyme that may be significant in the proliferation of this organism in the oral cavity and at extra-oral sites in association with life-threatening infections.
Introduction
The viridans streptococci have been traditionally regarded as minor opportunist pathogens, being primarily associated with dental caries [1] . However, over the past decade these bacteria have emerged as significant pathogens of immunocompromised patients and those with haematological malignancies [2] [3] [4] [5] . Primary bacteraemia in susceptible patient groups is associated with secondary complications that include infective endocarditis, adult respiratory distress syndrome and streptococcal shock resulting in mortality rates of up to 30% [6, 7] . Treatment of infections caused by viridans streptococci is becoming more problematic: therapy with penicillins was once a standard regimen but has become less effective because of the emergence of high levels of antimicrobial resistance within this group of organisms [8] .
The viridans streptococci are a highly heterogeneous group of organisms and it is only with the advent of modern typing schemes that it has been possible to associate specific diseases with the isolation of a particular species of viridans streptococcus [9] [10] [11] . The results of these and similar schemes have shown clearly that within the viridans streptococci, Streptococcus oralis is a significant agent of infective endocarditis and a major pathogen in patients with attenuated host defence mechanisms [6, 10, [12] [13] [14] . The mechanisms by which S. oralis causes this wide range of infections are as yet unclear, but the sialidase produced by this bacterium has been proposed as contributing towards the pathogenicity of several other micro-organisms, including S. pneumoniae, Salmonella typhimurium and Vibrio cholerae [15] [16] [17] . Bacterial sialidases cleave terminal, non-reducing sialic acid residues from sialoglycoconjugates. The precise role of these enzymes is unknown, but it has been suggested that they act as generalised virulence determinants [18] in that the release of sialic acid may expose cryptic carbohydrate binding sites for the invading organism [19, 20] and break down mucosal defence barriers of the host [21] . Furthermore, production of sialidase may be a critical factor in the provision of free sialic acid, a fermentable carbohydrate source for bacterial proliferation [18, 22, 23] . As a secondary consequence, sialic acid removal by these enzymes leads to direct damage to the host because of the central role of this sugar in cellular and molecular interactions [24] .
In an attempt to identify virulence determinants of viridans streptococci causing serious infections, the possible role of the S. oralis sialidase in disease processes was examined. As a first step towards understanding the role of sialidase as a putative virulence determinant, the sialidase was isolated from S. oralis and its properties were characterised.
Materials and methods
Bacterial strain and maintenance S. oralis strain AR3, an isolate from infective endocarditis obtained from the London Hospital Medical College, was stored at À708C in vials containing cryopreservative (LabM, Salford, Lancs) and routinely maintained as described previously [22] .
Medium and growth conditions for extracellular sialidase production
Bacterial colonies were removed from agar plates into 200 ml of pre-reduced Tryptone Soya Broth (TSB; Oxoid) and incubated anaerobically until cultures had attained late exponential phase. This culture was used to inoculate 10 L of TSB and this culture was incubated aerobically at 378C without agitation.
Sialidase assay
Sialidase activity was monitored throughout the purification process with a synthetic fluorogenic substrate, 29-4-methylumbelliferyl-AE-D-N-acetylneuraminic acid (4-MU-NeuNAc; Sigma), as described previously [22] . The increase in relative fluorescence, caused by the release of 4-MU by the bacterial sialidase, was measured over time in a fluorimeter (Perkin Elmer LS-3B, Beaconsfield, Bucks) with excitation and emission wavelengths set at 380 nm and 460 nm, respectively. The release of 4-MU was quantified by comparison of relative fluorescence values with those obtained for standard concentrations of authentic methylumbelliferone.
Protein determination
The total protein concentration at each stage of the purification was determined by a bicinchoninic acid assay (Sigma) according to the manufacturer's instructions. A more rapid protein assay, the Coomassie Blue dye-binding assay (Pierce and Warriner, Chester, Cheshire) was used to screen for the presence of protein in column fractions. Coomassie Blue protein reagent (100 ìl) was added to 100 ìl of sample from column fractions in a microtitration tray and the A 620 was determined.
Purification of the extracellular sialidase of S. oralis
Stage I: culture supernate. Cells were removed from the culture of S. oralis by means of an ultrafiltration unit fitted with a 0.16-ìm cut-off membrane (Minisette, Flowgen Instruments, Lichfield, Staffordshire). EDTA, leupeptin, phenylmethylsulphonyl fluoride and pepstatin A (all purchased from Sigma) were added to the cell-free culture supernate at final concentrations of 100 ìM, 1 ìM, 200 ìM and 1 ìM, respectively. All subsequent stages of the purification were performed at 48C in 50 mM Tris-HCl buffer (pH 7.0) containing the listed protease inhibitors (buffer A). In the absence of protease inhibitors, extensive proteolytic degradation of the sialidase was observed.
Stage II: concentrated culture supernate. The culture supernate from stage I was concentrated 50-fold to a volume of c. 200 ml with an ultrafiltration unit (Minnisette) fitted with a 10-kDa cut-off membrane.
Stage III: ammonium sulphate precipitate. The culture supernate from stage II was brought to 50% ammonium sulphate saturation with stirring and allowed to stand for 3 h before the precipitate was collected by centrifugation at 17 600 g for 30 min. The protein pellet, which contained 97% of the total sialidase activity, was dissolved in a small volume of buffer A. The preparation was dialysed against 6 L of this same buffer over 12 h.
Stage IV: DEAE Trisacryl eluate. The retentate from stage III was applied to a column of DEAE Trisacryl M (4:8 3 15 cm; Sepracor SA, Villeneuvre la Garenne Cedex, France) pre-equilibrated in buffer A. The column was washed with two bed volumes (600 ml) of buffer A and adsorbed proteins were eluted with 400-ml volumes of this same buffer, each containing increasing concentrations of NaCl (0.05 M, 0.10 M, 0.15 M and 0.20 M), at a flow rate of 200 ml=h. The eluted fractions (8 ml) were assayed for sialidase activity and protein. The fractions eluting with 0.15 M NaCl, containing .93% of the total sialidase activity, were pooled and concentrated to c. 4 ml in a stirredcell ultrafiltration unit with a 10-kDa cut-off membrane (Flowgen).
Stage V: Ultrogel ACA-34 eluate. The concentrated preparation from stage IV was applied to a column of Ultrogel ACA 34 (2:5 3 100 cm; Sepracor SA) preequilibrated in buffer A and proteins were eluted by this same buffer at a flow rate of 24 ml=h. All fractions (4.5 ml) were assayed for sialidase activity and protein.
Sialidase-active fractions, at a protein concentration of 50 ìg=ml, were pooled and stored at À708C, with no 236 H. L. BYERS ET AL. significant loss of enzyme activity detected after storage for 6 months.
Further purification of the S. oralis sialidase
Further purification of the S. oralis sialidase preparation from stage V attempted by affinity chromatography with N-( p-amino-phenyl) oxamic acid-agarose [25] and gel filtration on Sephacryl S-300 (Pharmacia, St Albans, Herts) in the presence of SDS resulted in no further purification of the enzyme when analysed by SDS-PAGE.
Native PAGE and SDS-PAGE
Native PAGE and SDS-PAGE [26, 27] analysis of the stage V preparation and material from subsequent purification steps was performed in order to determine the purity of the enzyme and to estimate the mol. wt of the sialidase. Native and SDS-PAGE gels were run on two separate occasions in order to ascertain the purity and mol. wt of the purified sialidase. A self-casting, mini gel system (105 3 100 mm; model MV1 DC, Anachem, Luton) was used for PAGE analysis.
SDS-PAGE was performed with a resolving 7% gel. The purified sialidase (10 ìg in the presence of SDS) was resolved at 100 V for 4 h. Sialidase was located in the gel with 4-MU-NeuNAc [26] . Briefly, the gel was incubated in 0.2 M sodium phosphate buffer (pH 7.0) containing Triton X-100 10% v=v at 378C for 2 h before spreading 500 ìl of 100 ìM 4-MU-NeuNAc over the surface of the gel. Sialidase activity was detected by the appearance of a fluorescent band, visualised with a UV light box (º ¼ 302 nm; Biovision Transilluminator; Biogene, Kimbolton, Cambridgeshire). The image was captured with a high performance CCD camera linked to Bioscan Snapshot software (Datacell, Reading, Berkshire). After localisation of the sialidase activity, the gel was fixed and stained with Coomassie Brilliant Blue.
Native PAGE was performed with a resolving 6% gel. The purified sialidase (10 ìg in non-denaturing buffer) was resolved by electrophoresis and localised in the gel as described for SDS-PAGE, except that Triton X-100 was omitted from the gel washing solution. The gel was stained for protein with a silver staining kit (Sigma) according to the manufacturer's instructions.
Mol. wt determination by gel filtration
The Ultrogel ACA-34 column used in the purification of the S. oralis sialidase was calibrated with mol. wt standards (Sigma) and the elution conditions described earlier. The void volume was determined from the elution position of blue dextran. Fractions (3 ml) were collected and assayed for protein, and the elution volumes of the protein standards and the purified sialidase were recorded. This procedure was performed in triplicate to estimate the native mol. wt of the purified sialidase accurately.
Substrate specificity of the S. oralis sialidase
Sialyl-AE2,3-lactose, sialyl-AE2,6-lactose, colominic acid (a polymer containing AE2,8-linked N-acetylneuraminic acid -NeuNAc), bovine submaxillary mucin (BSM) (all purchased from Sigma), AE 1 -acid glycoprotein (AGP; Bio Products, Elstree) and 4-MU-NeuNAc were used to determine the substrate specificity of the purified enzyme. The sialic acids -NeuNAc and N-glycolylneuraminic acid (NeuNGc) -of the native glycoconjugates were quantified by high-pH anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) with a DX-500 system (Dionex UK, Camberley, Surrey) after mild acid hydrolysis [28] .
The enzymic release of sialic acids from glycoconjugates was determined from reaction mixtures (1.0 ml) which contained 100 ìl of the stage V enzyme preparation and 10 ìM substrate with respect to bound NeuNAc or NeuNGc in 50 mM Tris-HCl buffer (pH 7.0). The assays were incubated at 378C and the initial rate of NeuNAc or NeuNGc release was determined by HPAEC-PAD. The initial rate of release of 4-MU from 4-MU-NeuNAc was also quantified as described in the sialidase assay methodology; the concentration of 4-MU-NeuNAc present and the proportion of enzyme preparation added to the total volume of the assay was comparable with other substrate specificity assays.
Enzyme kinetics of the S. oralis sialidase
The apparent K m and V max for the purified enzyme were determined with AGP as substrate. The initial reaction velocity of NeuNAc release from AGP over the substrate concentration range 10-300 ìM NeuNAc was measured by HPAEC-PAD; the composition of the reaction mixture for the assay was as described above except that the total volume was scaled to 100 ìl.
The fluorogenic assay for sialidase activity was employed to determine the pH optimum for the enzyme. Assays comprised: 35 ìl of 0.2 M buffer (sodium citrate, pH 3.0-6.0; sodium phosphate, pH 6.0-8.0 and Tris-HCl, pH 8.0-9.0), 25 ìl of 1 mM 4-MU-NeuNAc, an appropriate amount of enzyme preparation and distilled water to give a final volume of 100 ìl. Assays were incubated at 378C and the reaction was terminated by the addition of 100 ìl of 0.5 M sodium carbonate buffer (pH 10.2) while the rate of increase in product formation was still linear with respect to time. Release of 4-MU was quantified and the pH optimum for sialidase activity was determined.
Inhibition of the S. oralis sialidase
Inhibition of sialidase activity was examined with the fluorogenic assay for the enzyme described. Compounds used in inhibition assays were the metal salts CuSO 4 , ZnSO 4 and HgCl 2 ; the thiols cysteine-HCl, dithiothreitol and iodoacetate; the metabolic inhibitors NaF and chlorhexidine; the NeuNAc derivative 2,3-dehydro-NeuNAc; oxamic acid and the glycoprotein-derived monosaccharides N-acetylglucosamine, mannose, galactose, N-acetylgalactosamine, fucose and NeuNAc (all purchased from Sigma).
Inhibition assays comprised 15 ìl of enzyme preparation and 15 ìl of 2 or 20 mM of the potential inhibitor in 50 mM Tris-HCl (pH 7.0). The enzyme solution was incubated at room temperature for 5 min before the addition of 100 ìl of 100 ìM 4-MU-NeuNAc and 100 ìl of 2 or 20 mM of a listed compound or free sugar solution. Assays were incubated at 378C and the rate of 4-MU release was quantified. Sialidase activity over a range of 2,3-dehydro-NeuNAc concentrations (0-5 ìM) and at several substrate concentrations (20, 30 and 50 ìM 4-MU-NeuNAc) was quantified to determine the type of inhibition and the K IC for 2,3dehydro-NeuNAc.
Results
Purification of the S. oralis sialidase Extracellular sialidase was purified from a late exponential phase culture of S. oralis grown in TSB. Incubation of cultures beyond this stage led to degradation of the sialidase, due to the production of protease activities (data not shown). The enzyme was purified 4520-fold by a combination of ammonium sulphate precipitation, ion-exchange and gel filtration chromatography. Table 1 summarises the activity, yield and fold-purification of the sialidase for each step.
Fractionation of the enzyme by anion-exchange chromatography (stage IV) is shown in Fig. 1 . A small proportion of the total sialidase activity (,6% of the total sialidase activity from stage III) eluted at 100 mM NaCl, but these fractions were not investigated further.
Most of the enzyme activity eluted with application of 150 mM NaCl (fractions 175-188). Pooled active fractions were subjected to gel filtration chromatogra- phy and the sialidase eluted as a distinct protein peak (fractions 127-136; Fig. 2 ).
Purity and mol. wt of the S. oralis sialidase
The stage V sialidase preparation had an apparent mol. wt of c. 329 kDa as determined by gel filtration chromatography on Ultrogel ACA 34 calibrated with a range of mol. wt markers (Fig. 2) . Native PAGE analysis of the enzyme demonstrated the presence of a single band with sialidase activity, as determined with the fluorogenic substrate ( Fig. 3) . After silver staining of the gel, one major band was apparent with a mol. wt of c. 322 kDa.
The enzyme exhibited a marked stability when heated at 1008C for 5 min in the presence of sample buffer containing SDS. A single band of enzyme activity was observed on gels stained with 4-MU-NeuNAc after reversal of SDS inhibition by treatment with Triton X-100 ( Fig. 4 ). However, protein staining of this gel demonstrated the presence of eight major protein bands, the sialidase-positive band had a mol. wt of c. 144 kDa.
Substrate specificity of the S. oralis sialidase and enzyme kinetics
The activity of the sialidase against AGP was studied and data indicated that substrate cleavage followed typical Michaelis-Menten kinetics. Further analysis of these data indicated that the apparent K m value was 11.8 ìM and the estimated V max was 0.12 nmol NeuNAc released=min.
The substrate specificity of the S. oralis sialidase for a range of sialylated substrates is summarised in Table 2 .
The rates of cleavage of NeuNAc from sialyl-AE2,6lactose and colominic acid (AE2,8-sialyl-linked) relative to sialyl-AE2,3-lactose (taken as 1.00) were calculated to be 0.54 and 0.44, respectively. This demonstrates that the enzyme cleaves NeuNAc which is AE2,3-linked to the adjacent monosaccharide in preference to AE2,6or AE2,8-linked. The relative rate of release of NeuNAc from the synthetic substrate 4-MU-NeuNAc was 0.86, which is comparable to the relative rate determined for the release of NeuNAc from the natural substrate AGP, calculated as 1.11. Therefore, 4-MU-NeuNAc is an appropriate substrate to assay the activity of this bacterial sialidase, as the enzyme displays a similar specificity for this synthetic substrate as it does for the natural, physiologically relevant AGP. It is interesting to note that the sialidase cleaves NeuNGc as well as NeuNAc from sialoglycoconjugates. However, the enzyme preferentially cleaved neuraminic acid containing an N-acetyl group over an N-glycolyl group, as the rate of NeuNGc release from BSM was seven-fold slower than the rate of release of NeuNAc from BSM.
The purified sialidase was active against 4-MU-NeuNAc over a wide pH range (4.0-9.0), but displayed .80% of the maximal activity between pH 5.5 and 7.0. The pH optimum was 6.0. 
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Inhibition of the S. oralis sialidase N-Acetylglucosamine, mannose, galactose, N-acetylgalactosamine, fucose, NeuNAc, CuSO 4 , ZnSO 4 , HgCl 2 , cysteine-HCl, dithiothreitol, iodoacetate, NaF, chlorhexidine and oxamic acid at final concentrations of 1 or 10 mM had no effect on sialidase activity. However, the NeuNAc derivative 2,3-dehydro-NeuNAc completely inhibited sialidase activity at a concentration of 1 mM. The inhibitory effect of 2,3-dehydro-NeuNAc on sialidase was studied further by measuring enzyme activity against 4-MU-NeuNAc at various concentrations in the presence of this inhibitor over the concentration range 0-5 ìM (Fig. 5 ). It is evident from the Dixon plot that 2,3-dehydro-NeuNAc is a competitive inhibitor of sialidase, with a K IC of 1.2 ìM.
Discussion
The virulence determinants associated with diseases caused by viridans streptococci are not well understood, and to date most research has focused on the organisms' ability to adhere to host tissues, aggregate platelets and resist host defences [6, [29] [30] [31] . Studies of several pathogenic micro-organisms have implicated sialidase as a major virulence determinant [32] . Sialidase is also produced by some viridans streptococci, including S. oralis [33] , which is probably the most pathogenic species of this group, and the production of this enzyme may play a pivotal role in the preponderance of this organism in extra-oral infections. Therefore, the enzyme was isolated and purified to gain further insight into characteristics relevant to the disease process.
Earlier studies have indicated the inherent difficulties encountered in purifying sialidases of viridans streptococci to homogeneity. This was most notable for an organism described as 'S. sanguis', which could now be identified as S. oralis or S. mitis, where a high mol. wt aggregate containing sialidase was reported and purification to homogeneity was not achieved by conventional column chromatography [34, 35] . Likewise, in the present study a high mol. wt aggregate (c. 325 kDa), which possessed sialidase activity, was isolated as determined by native PAGE and gel filtration chromatography. It was not possible to purify cholerae has demonstrated that this enzyme forms a multi-enzyme complex, which contains other glycosidic and proteolytic activities [36] . Sialidase complexed with other enzymes, including â-galactosidase, is also found in human lysosomes [37] . A similar association may be present with respect to the S. oralis sialidase, whereby glycosidic and proteolytic activities form a multi-enzyme complex. This could have significant physiological benefit for the bacteria in that the hydrolytic enzymes could interact in a concerted manner in the breakdown of host glycoproteins, facilitating adhesion of the organism to epithelial surfaces and circulatory glycoproteins, as well as supplying a nutrient source for the bacteria.
The sialidase resolved by SDS-PAGE had an apparent mol. wt of 144 kDa. A comparison of the properties of a variety of bacterial sialidases revealed that these enzymes are highly diverse with respect to mol. wt, isoelectric point, substrate specificity and specific activity [32] . However, despite these differences, conserved sequences have been demonstrated at the molecular level in bacterial sialidases [38] . Interestingly, the occurrence of sialidase in micro-organisms is frequently not in accordance with the phylogenetic relationship of bacterial species or strains. Highly related species or even strains of one species differ with respect to sialidase production [39, 40] . Furthermore, these enzymes -which share sequence homologies -are common in animals and in diverse micro-organisms that mostly exist as animal commensals or pathogens. Therefore, the hypothesis has been proposed that sialidases have originated in higher animals and that bacteria have acquired this genetic information during association with their animal hosts by horizontal gene transfer mechanisms [41] . The diverse biochemical properties of sialidases may be a result of the sialidase gene evolving to occupy a particular biological niche. In the case of the S. oralis sialidase this could be to remove sialic acids from Oand N-linked glycoproteins as substrates for growth.
A large pH range could be tolerated by the S. oralis sialidase (i.e., it was active between pH 4.0 and 9.0) and it exhibited a pH optimum of 6.0, which is typical of that of other bacterial sialidases [32, 42] . The enzyme demonstrated a broad substrate specificity, cleaving AE2,3-, AE2,6and AE2,8-linked NeuNAc from a range of glycoprotein and oligosaccharide substrates. Furthermore, the purified enzyme cleaved NeuNGc from the naturally occurring substrate, BSM. However, NeuNGc (which is not found in healthy human tissues) was less susceptible to sialidase action than the Nacetyl derivative, the most abundant sialic acid in man [24] . Similar characteristics have also been observed for a number of other bacterial sialidases [43] . Comparison of the kinetic properties of the purified sialidase of S. oralis with other bacterial enzymes is difficult, as a range of substrates has been used and different assay conditions have been employed. Nevertheless, from the present data the sialidase has a low apparent K m of 10.2 ìM of total bound NeuNAc against the natural substrate human AGP, indicating the high affinity of the enzyme towards N-linked, complex-type, sialylated glycoproteins.
It has been demonstrated that unconjugated NeuNAc will support growth of S. oralis when supplied as the sole source of fermentable carbohydrate, with the concomitant induction of the intracellular enzymes required for the catabolism of this monosaccharide [22] . Furthermore, both the presence of an inducible transport system for NeuNAc and the pivotal role of sialidase in the degradation and utilisation of sialoglycoconjugates has recently been demonstrated for S. oralis [44, 45] . When the highly sialylated glycoprotein AGP was used as a model, it was shown that the constituent NeuNAc was released by sialidase and catabolised as a source of fermentable carbohydrate. Additionally, as a result of this exo-glycosidic activity the glycan chains were opened to degradation by other glycosidases produced by this bacterium, therefore extending the fermentable carbohydrate source available. The dependence on the production of sialidase for the growth of S. oralis on AGP was further supported by its inhibition in the presence of the sialidase inhibitor, 2,3-dehydro-NeuNAc. The important role of sialidase in the growth of bacteria on host glycoproteins in vivo has been demonstrated previously [23] , where sialidase-deficient mutants of Bacteroides fragilis exhibited a reduced ability to grow in a rat pouch model. In the current study, a sialidase was isolated from S. oralis and was shown to possess properties which may facilitate bacterial persistence in vivo, including a broad pH optimum and substrate specificity. Taken together, these studies provide compelling evidence for the presence of a highly integrated system for the release and metabolism of NeuNAc, which is likely to be important in the nutrition of this organism.
Studies are now being pursued to further characterise the high mol. wt aggregate, which contains sialidase activity, and to identify any associated components. Understanding the detailed molecular mechanisms by which bacteria proliferate may be important in the development of future intervention strategies, at a time when the need for alternative antimicrobial therapies is becoming increasingly important with the emergence of penicillin resistance within this group.
